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The polyamines putrescine, spermidine and spermine are ubiquitous constituents of mammalian cells, which are essential for normal cell physiology and cell growth (1) (2) (3) . These cationic molecules play multiple functions including the regulation of nucleic acids and protein synthesis, and the modulation of ion channels and receptors (4) (5) (6) . In normal cells, the intracellular levels of polyamines are tightly controlled by biosynthesis, catabolism, uptake and excretion (3, 7, 8) . In rapidly proliferating cells, increased amounts of polyamines are obtained by activating both polyamine biosynthesis and uptake (9) (10) (11) . Ornithine decarboxylase (ODC), a key enzyme in polyamine biosynthesis, is elevated in many kinds of malignancies, and the forced overexpression of ODC can transform mouse fibroblast cells (12) . Growth factors, hormones and polyamines themselves, regulate ODC by mechanisms acting at transcriptional, translational and post-translational levels (13) . On the other hand, tumour cells exhibit enhanced polyamine transport activity in comparison with normal cells, and the pharmacological inhibition of polyamine biosynthesis leads to a compensatory increase in polyamine uptake activity (9, 14) . Although polyamine transport systems have been described and characterized at molecular level in bacteria and yeast (15) , no mammalian polyamine carrier has yet been molecularly characterized. Different studies have revealed that in mammalian cells operate polyamine uptake systems that are energy dependent, saturable and carrier mediated (14) . Most recently, endocytic pathways have also been implicated in polyamine transport in mammalian cells (16) .
A critical regulator of both polyamine biosynthesis and transport is the ODC antizyme (AZ) (7, 17) . AZ protein is synthesized, when cellular polyamine levels increase, by stimulation of an unusual translational frameshift of the AZ messenger RNA (18) . AZ induction decreases polyamine biosynthesis by inhibiting ODC and promoting the degradation of this enzyme by the 26S proteasome (19) . AZ also negatively regulates polyamine transport into the cells (20, 21) , although the mechanism of antizyme inhibition of polyamine uptake is totally unknown. Three different antizymes, named AZ1, AZ2 and AZ3, have been characterized (17) . AZ1 and AZ2 are widely expressed, whereas AZ3 expression is restricted to the testes (22, 23) . Another factor, named antizyme inhibitor (AZIN), first discovered in the liver (24), participates in the regulation of polyamine metabolism in different mammalian tissues (25) . Although the AZIN is highly homologous to ODC, it has no intrinsic ODC activity (26) . However, this protein that has a higher affinity for AZ than ODC, blocks the ability of the antizyme to both inhibit ODC activity and to promote ODC degradation (26) , increasing accordingly polyamine biosynthesis. Experiments based in the forced induction of AZIN in cell cultures have also shown that AZIN overexpression resulted in elevation of polyamine uptake (27) , demonstrating that this protein is a positive regulator of polyamine metabolism.
We recently showed that a new paralogue gene of ODC, named ODCp or ODC-like, that had been postulated to code for arginine decarboxylase (28) was devoid of ornithine or arginine decarboxylase activity, but acted as an antizyme inhibitor, and in consequence we proposed to name it antizyme inhibitor 2 (AZIN2) (29) . These results have later been corroborated for human ODCp by others (30) . AZIN2/ODCp is mainly expressed in testes and brain both in mice and human (29, 31) , and by both functional and co-immunoprecipitation experiments we demonstrated that this protein is able to interact with the three antizyme isoforms as it had been also shown for the former antizyme inhibitor, the AZIN1 (32). As stated above, AZ3 is a testis specific protein that is believed to participate in the maintenance of appropriate levels of polyamines during spermiogenesis (22) . However, whereas it is known that both AZ1 and AZ2 inhibit ODC and decrease polyamine transport (20, 21, 33) , the influence of AZ3 in polyamine uptake is mostly unknown. In the present work, we have analyzed firstly the kinetic parameters of the polyamine uptake in COS7 cells, and secondly, by using transient transfection assays of COS7 cells with different AZIN2 and AZs constructs we have studied the influence of AZIN2 and AZ3 on polyamine uptake. Our results indicate that AZ3 inhibits polyamine uptake and that AZIN2 acts as a positive regulator of polyamine transport. This action of AZIN2 is related with the abrogation of the negative effects of the three antizymes, what suggests that this protein may play a relevant role, at least in the regulation of testicular polyamine metabolism.
EXPERIMENTAL PROCEDURES
Materials. MMLV reverse transcriptase, GenElute mammalian total RNA Miniprep kit, anti-FLAG M2 monoclonal antibody peroxidase, protease inhibitor mixture (4-(2-aminoethyl) benzenesulfonyl fluoride, EDTA, bestatin, E-64, leupeptin, aprotinin), Igepal CA-360, nonradioactive polyamines and cycloheximide were purchased from Sigma (St. Louis, MO). Pfu DNA polymerase was obtained from Biotools (Madrid, Spain). SYBR Green® PCR Master Mix was from Applied Biosystems (Warrington, UK). Restriction endonucleases EcoRI, XbaI, HindIII and BamHI were from Fermentas Life Sciences (Vilnius, Lithuania). Lipofectamine 2000 Transfection Reagent and Trypsin-EDTA were purchased from Invitrogen (Carlsbad, CA). QuikChange site-directed mutagenesis kit was from Stratagene (La Jolla, CA).
14 C-Putrescine (specific activity 107 mCi/mmol), 14 CSpermidine (specific activity 112 mCi/mmol), 14 C-Spermine (specific activity 113 mCi/mmol), ECL+ detection reagent, developing reagents and films were from Amersham Biosciences (Little Chalfont, Buckinghamshire, UK). Primers were purchased from Sigma Genosys (Cambridge, UK). Scintillation solution Ecoscint-H was obtained from National Diagnostics (Atlanta, GA).
Cloning of AZ1, AZ2, AZ3, AZIN1 and AZIN2. The desired mouse genes were cloned into the expression vector pcDNA3 (Invitrogen) following standard procedures (34) and using the primers described elsewhere (29) . Antizyme constructs with an appropriate deletion of one nucleotide in the frameshifting site, for fulllength and functional expression, were obtained by the QuickChange site-directed mutagenesis kit. Human AZIN2 clone was obtained from the human expression plasmid library of Open Biosystems (Huntsville, AL). AZIN1 with the FLAG epitope fused to its C-terminus was generated by inserting a double-stranded synthetic oligonucleotide encoding the epitope (in boldface) to the pcDNA3 containing the AZN1 sequence. This was designed for annealing with EcoRI and XbaI cohesive ends of the appropriate open vector. The sense oligomer had the sequence 5'-AATTCGACTATAAGG ACGATGATGACAAGTGAT-3 ' and the antisense oligomer the 5'-CTAGATCACTTG TCATCATCGTCCTTATAGTCG-3' sequence.
Generation of AZIN2 mutants. Several constructs of AZIN2 were generated using different strategies. The FLAG epitope was introduced to the N-terminus of AZIN2 as described previously (29 Cell culture and transient transfection. The monkey kidney fibroblast-like COS7 cell line was obtained from the ATCC. Cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum, 100 units/ml penicillin, and 100 µg/ml streptomycin, at 37 °C under a 5% CO 2 humidified atmosphere. Cells were grown to about 80% confluence. Transient transfections were carried out with Lipofectamine 2000 transfection reagent with 0.15 µg of pcDNA3 plasmid and 2 µL of Lipofectamine per well, in 24-well plates. After 6 h of incubation the transfection medium was removed, and fresh complete medium was added, and cells were cultured for 16 h after transfection. The cells were then used for western-blotting or for polyamine uptake assays. In cotransfection experiments, 0.3 µg of DNA per well were used, with the mixtures containing equimolecular amounts of each construct. The plasmid pcDNA3 without gene insertion was used as control. To assess transfection efficiency, a plasmid containing the green fluorescent protein (GFP) was transfected using the same conditions as above, and the percentage of cell expressing the GFP was determined by fluorescence microscopy.
Polyamine uptake assay. Cells were plated in 24-well plates and grown for two days to about 80% confluence. Then, they were transfected or directly assessed for polyamine uptake. Cells were washed with DMEM medium (serum free) to remove all traces of serum, and then 200 µL of fresh DMEM medium (serum free) was added to the cells. The uptake assay was started by the addition of 14 C-putrescine, 14 C-spermidine or 14 C-spermine at a final concentration of 2 µM. Since the Km calculated for putrescine was 4.5 µM, in some cases, 10 µM 14 C-putrescine was also used as substrate. After incubation at 37 °C for different periods of time, the cells were washed three times with cold PBS. Washed cell were lysed by incubation with trypsin for 30 min. Finally, 3 mL of the scintillation solution Ecoscint-H was added and the radioactivity was measured in a Tri-Carb 2900 TR analyzer (Perkin Elmer). In some treatments, unlabelled polyamines or cycloheximide were added to cells dissolved in DMEM medium (serum free) at 100 µM and incubated for 90 minutes just before the radioactive uptake assay. The non-specific accumulation of 14 C-polyamines was measured by incubation of the cells at 4ºC, and the specific uptake was calculated by subtracting nonspecific from total accumulation. Each condition was assayed in triplicates and, in every experiment, 2 wells were used to determine the protein content by the method of Bradford (35) using bovine serum albumin as standard.
Western Blotting. Cells were solubilized in 50mM Tris-HCl (pH 8), 1% Igepal, 1 mM EDTA, and protease inhibitor mixture and centrifuged at 12000xg for 20 min. Reducing SDS-PAGE was performed in 10% polyacrylamide gels. Gels were transferred to polyvinylidene difluoride membranes, blocked with 5% non-fat dry milk in PBS, and incubated overnight at 4 °C with the anti-FLAG antibody peroxidase-labeled (1:5000). Immunoreactive bands were detected by using ECL+ detection reagent and commercial developing reagents and films. For loading controls, Erk2 was determined by means of polyclonal anti-Erk2 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA).
RNA extraction and real time RT-PCR. Total RNA was extracted from tissues with GenElute mammalian total RNA Miniprep kit following the manufacturer's instructions. Total RNA was reverse-transcribed using oligo (dT) 18 as primer and Moloney murine leukemia virus reverse transcriptase. Real time RT-PCR was carried out by the use of primers that amplified about 100bp fragments, one of them hybridising on the boundary between two exons to discard genomic amplifications. The PCR mix contained 2.25 μl of 100 μM primers, 12.5μl of SYBR Green® PCR Master Mix, 1 μl of template cDNA and RNase free water to 25 μl. The reaction was performed in a 7500 Real Time machine (Applied Biosystems) under the following cycling conditions: 1 cycle at 95ºC for 10 min and 40 cycles at 95ºC for 15 seconds and 60ºC for 1 min. Fluorescence data were collected from each cycle and were analyzed by means of 7500 SDS Software (Applied Biosystems). The expression data of the genes were normalized to β-actin. Different concentrations of plasmids containing the ORF of ODC, AZIN1 and AZIN2 were used as templates to determine the efficiency of the amplification for each pair of primers.
The following primers were used: β-actin (forward, 5'-GATTACTGCTCTGGCTCCTAG CA-3'; reverse, 5'-GCTCAGGAGGAGCAAT GATCTT-3'); AZIN1 (forward, 5'-CTTTCCAC GAACCATCTGCT-3'; reverse, 5'-TTCCAG CATCTTGCATCTCA-3'); AZIN2 (forward, 5'-GCTTAGAGGGAGCCAAAGTG-3'; reverse, 5'-CTCAGCAAGGATGTCCACAC-3'); ODC (forward, 5'-ATGGGTTCCAGAGGCCAAA-3'; reverse, 5'-CTGCTTCATGAGTTGCCACATT-3').
RESULTS

Polyamine uptake by COS7 cells.
Since transfection assays were carried out in COS7 cells, we first studied some general properties of the polyamine transport system in this cell line. The uptake of 14 C-labelled putrescine, spermidine and spermine by COS7 cells at 37ºC and 2 µM concentration of each polyamine was linear over a 120 min course (data not shown). The apparent kinetic parameters Michaelis-Menten constant (Km) and maximal velocity (Vmax) of putrescine, spermidine and spermine uptake by COS7 cells, determined by measuring the rate of uptake at different polyamine concentrations, are summarized in Table 1 . The Km values were 4.5, 1.0 and 0.8 µM for putrescine, spermidine and spermine, respectively. This indicates that the affinity of putrescine was lower than those of spermidine or spermine. However, Vmax for putrescine was about two-fold higher than for the other polyamines. Fig. 1 shows that the uptake of each polyamine was markedly inhibited by excess of the other polyamines, what suggests the existence of a common carrier for putrescine, spermidine and spermine in COS7 cells. In contrast, 20 µM agmatine did not inhibit the rate of polyamine uptake, excluding an unspecific blocking of the carrier by cationic amines (data not shown).
In order to examine the role of antizymes on polyamine uptake, protein synthesis in COS7 cells was inhibited by treatment with cycloheximide prior to uptake assays, since early studies had shown that cycloheximide treatment abrogated the feedback repression of polyamine uptake in different mammalian cell lines (36) , and that this repression was mediated by antizyme (20, 21) . Fig. 2 shows that the rate of uptake of the three polyamines was rapidly increased after cycloheximide treatment, reaching a maximum (~4-fold) around 4 h, and decreasing slowly thereafter. This decrease could not be reversed by a second addition of cycloheximide 18 h after the first one. This suggests that the decay in the polyamine uptake observed in the second period of observation could be related with the turnover of the transport system rather than to antizyme recovery.
When COS7 cells were uploaded with polyamines by prior incubation with 100 µM of unlabelled putrescine, spermidine or spermine for 90 min, the uptake of labelled putrescine was markedly reduced (Fig. 3A) . This effect could be ascribed either to a direct trans-inhibitory effect on the polyamine transporter produced by the increase in intracellular polyamines or to the induction of antizymes in response to the rise in intracellular levels of polyamines. The fact that the inhibitory effect produced by the preincubation with polyamines was prevented by cycloheximide treatment (Fig. 3B) supports the latter possibility.
Influence of single transfection of COS7 cells with antizymes or antizyme inhibitors on polyamine uptake.
To study the influence of the antizymes and antizyme inhibitors on polyamine uptake, COS7 cell were transiently transfected with plasmids containing the cDNA corresponding to mouse AZ1, AZ2, AZ3, AZIN1 and AZIN2, and human AZIN2, under the CMV promoter. In the case of the antizymes, mutated versions lacking the stop codon of the ORF1 that synthesize antizymes without frameshift were used. These constructs were named as MAZ1, MAZ2 and MAZ3. Polyamine uptake was measured in the transfected cells using conditions similar to those used with non-transfected cells. In the cells transfected with the empty vector pcDNA3, no significant differences in the uptake of putrescine, spermidine or spermine were noted, in comparison with non-transfected cells (data not shown). Fig. 4A shows that the uptake of putrescine, spermidine and spermine was markedly reduced in the cells transfected with any of the three mutated antizymes. On the contrary, in the cells transfected with the murine AZIN2, polyamine uptake was significantly enhanced (~2-3 folds). Similar effect was observed in transfections with human AZIN2 or mouse AZIN1 If one takes into consideration that the transfection efficiency of COS7 cells was around 50%, as estimated by measuring by laser confocal microscopy, the percentage of positively transfected cells expressing the green fluorescent protein (GFP) under the control of the CMV promoter, the data of Fig. 4A can be corrected, subtracting the uptake corresponding to the non-transfected cells. The new plot shown in Fig. 4B indicates that the overexpression of any of the three antizymes in COS7 cells almost abolished polyamine uptake. On the other hand, the corrected values in the case of the antizyme inhibitors clearly indicate that these proteins markedly enhanced polyamine uptake, reaching levels similar to those obtained in nontransfected cells treated with cycloheximide. This result suggests that antizyme inhibitor overexpression totally blocked the endogenous levels of antizymes existing in COS7 cells. Similar results to those described above were obtained when other mammalian cell lines such as HEK293T or NIH 3T3 were used (results not shown).
Polyamine uptake in COS7 cells cotransfected with antizymes and AZIN2.
To confirm that AZIN2 is a positive regulator of the uptake of putrescine, spermidine and spermine by negating the inhibitory effect of antizymes on polyamine transport, COS7 cells were cotransfected with equimolar mixtures of plasmids coding for AZIN2 and each one of the antizymes, and polyamine uptake was compared with cells transfected with an equivalent amount of antizymes. As expected, AZIN2 prevented the negative effect of antizymes on polyamine uptake (Fig. 5) . However, in this case, the stimulation of polyamine uptake with respect to control cells was not as high as in the case of the single transfectants of AZIN2. Moreover, the capacity to counteract the action of the three antizymes appeared to be different, with lower effect on AZ1. The apparent lower effect of AZIN2 on polyamine uptake in the double transfectants (Fig. 5 ), in comparison with the single transfectants (Fig. 4) , can be explained, taking into consideration than in the double transfectants the amount of each antizyme should be much higher than in the single transfectants, where there is no forced expression of the antizymes.
Influence of AZIN2 modifications on polyamine uptake.
To assess the possible implication of the different regions of AZIN2 protein on polyamine uptake, several constructs of AZIN2 were generated, including both additions and deletions (Fig. 6-7) . Fusion proteins that conserved the whole AZIN2 sequence but carried different tags at C or N terminus exerted the same effect on polyamine uptake as AZIN2 (Fig. 6) . In fact, the appended FLAG epitope at the N terminus of AZIN2 did not significantly change the antizyme inhibiting function of the protein. Similarly, both of the two chimeric proteins carrying the streptavidin-binding peptide (SBP) or the green fluorescent protein (GFP) tagged at the C terminal part of AZIN2 conserved the capacity to stimulate polyamine uptake. Besides, when cells were transiently transfected with AZIN1 and AZIN2 tagged with the FLAG epitope, both constructs produced a similar increase in polyamine uptake rate, for equivalent levels of protein expression, as estimated by western blot (see fig 6) . This indicates that under our experimental conditions, both antizyme inhibitors appear to have a similar capacity for stimulating polyamine uptake. On the other hand, the mutant AZIN2 lacking the sequence corresponding to the putative antizyme binding domain (AZBE) of ODC (37) or AZIN1; (38, 39) , lying between residues 117-140, was unable to increase polyamine uptake (Fig. 7) . Truncated AZIN2 proteins with lack of 39 or 45 residues in the N or C terminus, respectively, were still able to stimulate putrescine uptake. In the first case the smaller effect could be the consequence of the lower level of expression. However, the removal of larger sequences in both ends abolished the capacity of AZIN2 to affect antizyme action, although they still contain the AZBE (Fig. 7) .
Quantification of the expression levels of antizyme inhibitors in mouse tissues.
In order to compare the expression levels of the two antizyme inhibitors and ODC in different mouse tissues, total RNA was extracted from these tissues and mRNA levels were quantified by using real time RT-PCR. Fig. 8 shows that in all tissues studied the levels of ODC transcripts were higher than those of antizyme inhibitors, especially in the kidney of males. AZIN2 was most expressed in the testes, followed by the brain. In these two tissues the expression of AZIN2 was about 23-fold higher than AZIN1 in the testes and 6-fold in the brain. However, in kidney, heart and liver AZIN1 was more expressed than AZIN2.
DISCUSSION
We have previously described that mouse ODCp, a paralogue gene of ODC, is devoid of enzymatic activity, but acts as a novel antizyme inhibitor, that we termed AZIN2 (29) . The objective of the present study was to determine whether AZIN2, by counteracting the action of the three antizymes, plays a role in regulating polyamine uptake in mammalian cells. For that purpose, after some trials, we selected COS7 cells to characterize, firstly, the polyamine uptake system, and secondly, to study the effect of the transfection of COS7 cells with different constructs of antizymes and antizyme inhibitors on the uptake of putrescine, spermidine and spermine. Our data suggest that in COS7 cells there is a common transport system for the three polyamines, and that after inhibiting protein synthesis by cycloheximide, the polyamine uptake was markedly stimulated. These results indicate that in non confluent growing COS7 cells, a labile protein, presumably antizyme, is negatively affecting polyamine uptake, as it was described for other mammalian cells (20, 21, 34) .
Our results clearly indicate that the expression of AZIN2/ODCp in COS7 cells markedly increase the uptake of the three polyamines putrescine, spermidine and spermine, counteracting the negative effect of the antizymes on polyamine uptake. These findings corroborate our previous claim that ODCp or ODC-like acts as an antizyme inhibitor, not only because it binds to the three antizymes and stimulates ODC activity (29) , but also by negating the repressing effect of any of the three antizymes on polyamine uptake. Moreover, the fact that the deletion in AZIN2 of the sequence equivalent to the antizyme binding domain, existing in mouse ODC (37) and in AZIN1 (38, 39) , abolished the stimulatory effect of AZIN2 on polyamine uptake, also supports that this domain is critical for the binding of AZIN2 to the antizyme molecule. This result and previous findings on the binding of mouse ODC and AZIN1 to antizyme (7, 17, 19, 26) support the contention that ODC, and their homologous proteins AZIN1 and AZIN2, share the ability to bind to antizymes, and that in this function the antizyme binding element (AZBE) is a common and indispensable element. On the other hand, our results also provide evidence that in AZIN2, the sequences containing the ~forty terminal residues in both N and C ends are not essential for binding to antizymes.
After our report that mouse ODCp acted as an antizyme inhibitor devoid of both ornithine decarboxylase and arginine decarboxylase activities (29) , it was published that the human orthologue of ODCp also inhibited AZ1-dependent degradation of ODC as the murine protein (30), confirming our previous results. Our present findings have also revealed that the human AZIN2 is able to stimulate polyamine uptake, apparently as efficiently as mouse AZIN2 or AZIN1. This suggests that the sophisticated network regulating polyamine metabolism mediated by antizymes and antizyme-binding proteins is conserved from mice to humans. In fact, ODC and the two antizyme inhibitors can bind to any of the three antizymes characterized so far. Among the antizyme family members, AZ1 and AZ2 are expressed in numerous mammalian tissues (40) , whereas AZ3 expression is restricted to the testes (22) . Both AZ1 and AZ2 inhibit ODC and polyamine uptake (20, 21, 33) . AZ3 also possesses ODC inhibitory activity (22) but no data are available about its possible role as inhibitor of polyamine uptake. Our results on polyamine uptake by COS7 cells transfected with AZ3, clearly indicated that AZ3 may also negatively affect polyamine transport.
Since antizymes are able to decrease polyamine uptake, it was believed that antizyme inhibitor should prevent the negative effect of antizymes on polyamine transport. This prediction was confirmed by showing that the overexpression of AZIN1 in CHO cells produced a moderate increase in the uptake of spermine and some polyamine analogues (41) . Other experiments using NIH3T3 fibroblasts transfected with AZIN1 have corroborated that overexpression of AZIN1 increases the uptake of spermidine (27) . In contrast to these results, no increase in spermine uptake was observed in rat prostate carcinoma cells overexpressing AZIN1 (39) . Our results on COS7 cells also support that AZIN1 increases polyamine uptake, at least as efficiently as AZIN2. Recently, Snapir et al. found that AZIN2, stably transfected into NIH 3T3 cells, exerted a modest increase on the spermidine uptake rate (less than 20%), when compared with the effect of AZIN1 (about 100%), concluding that AZIN2 is less potent than AZIN1 in regulating polyamine uptake (42) . The higher increase in polyamine uptake rate produced by both AZINs (about 300%) in our system in comparison to that observed in stably transfected cells could be related with a lower AZs/AZINs ratio. Nevertheless, in COS7 cells transiently cotransfected with AZ1 and AZIN1 or AZIN2, both antizyme inhibitors exerted a similar effect (result not shown). In this regard, both mouse and human AZIN1 and AZIN2 showed similar capacity in counteracting the effects of AZs on ODC activity (29, 30) .
The physiological role of antizyme inhibitors is far from being understood. Different experiments have indicated that AZIN1 may be related with the control of cellular growth, not only by acting on antizymes but also through antizyme independent effects (27) . In fact, overexpression of AZIN1 increased growth rate and induced the transformed phenotype in different type of cells (27, 39) , while silencing its expression using specific small interfering RNA (siRNA) decreased cell proliferation (27, 39, 43) . Moreover, AZIN1 is up regulated in several human cancers (44) and is rapidly stimulated in cultured fibroblasts by serum and phorbol esters (45) . AZIN1 is also up regulated in capillary endothelial cells by fibroblast growth factor 2, a known angiogenic factor (46) . Coincidentally, the human AZIN1 gene is located in a region of chromosome 8 that is amplified in some tumours (47, 48). In normal tissues, AZIN1 transcripts have been found in the liver, lung, kidney and heart of rats (26), but little is known about its expression in mouse tissues. On the other hand, AZIN2 appears to be expressed exclusively in the brain and testes, both in mouse and humans (29, 31) . However, there are not quantitative data comparing the expression of both genes in mammalian tissues. Our results of real time RT-PCR revealed that in the mouse, the expression levels of ODC and antizyme inhibitors among the different tissues assayed varied significantly. ODC was the most expressed in all tissues analyzed. Interestingly, AZIN2 was much more expressed than AZIN1 in brain and testes. In kidney and heart the expression level of AZIN2 was lower than AZIN1, although the expression of the latter in these tissues was far from the value of AZIN2 in testes. The fact that AZIN2 mRNA is mostly found in testes, where there is a specific testicular antizyme (AZ3) expressed in the haploid germinal cells (22, 23) , linked to our findings that AZ3 affect polyamine uptake and that AZIN2 may counteract this effect, strongly suggests that both proteins may be important to achieve the severe control of intracellular polyamines, that appears to be required at the later stages of spermatogenesis (49).
Collectively, our previous results on the functional activity of AZIN2 regulating ODC activity, and the present results showing that this protein markedly stimulates polyamine uptake and is considerably expressed in testes and brain, suggest that it is quite likely that AZIN2 may be an important and novel player in polyamine metabolism in these tissues. The precise role of this protein in testicular and neuronal functions, as well as its possible implication in malignant growth, is a subject of ongoing investigations in our laboratory. Fig. 1 . Influence of unlabelled polyamines in the assay medium on polyamine uptake by COS7 cells. Polyamine uptake assays were carried out as described in "Experimental procedures", using 2 µM of 14 C-labelled putrescine, spermidine or spermine in the absence or presence of 20 µM of unlabelled polyamines. Note that in the case of putrescine, 10 µM of 14 C-labelled amine was also used. Data are shown as mean ±SEM of triplicate determinations. Fig. 2 . Influence of cycloheximide treatment on the rate of polyamine uptake by COS7 cells. Cells at 80% of confluency were treated with 100 µM cycloheximide (Chx) and the rate of polyamine uptake was measured at different times after Chx addition, using 2µM of labelled polyamine for 30 min assay. In same cases, fresh Chx was added 18 hours after the first addition (see arrow) and polyamine uptake was measured 2 h later (open square). Data are shown as mean ±SEM of triplicate determinations. Fig. 3 . Influence of preincubation of COS7 cells with unlabelled polyamines in polyamine uptake. A) Cells at 80% of confluency were incubated for 90 min with 100 µM of putrescine, spermidine or spermine. After washing twice with DMEM, polyamine uptake was carried out using 2µM 14 Clabelled putrescine for 30 min. B) Cells were pre-treated with 100 µM of unlabelled putrescine plus 100 µM of cycloheximide and putrescine uptake was compared with their controls in absence of Chx. Data are shown as mean ±SEM of triplicate determinations. Fig. 4 . Polyamine uptake by COS7 cells transfected with antizymes or antizyme inhibitors. A) Cells were transfected, as described in "Experimental procedures", with the expression plasmid pcDNA3 containing the ORF of mutated mouse antizymes without frameshift (MAZ1, MAZ2 and MAZ3) or the ORF of mouse AZIN1 and AZIN2 and human AZIN2 (hAZIN2), in each case. Control cells were transfected with the empty vector. Polyamine uptake assays were carried out using 2 µM 14 C-labelled putrescine, spermidine or spermine. Note that in the case of putrescine, 10 µM of 14 C-labelled amine was also used. B) Polyamine uptake plots using corrected data calculated by subtracting polyamine uptake corresponding to non-transfected cells, considering the transfection efficiency estimated by fluorescence microscopy of GFP protein overexpressed under the same transfection conditions. Data are shown as mean ±SEM of triplicate determinations. and of the empty vector or AZIN2. Control cells were transfected with the empty vector. Polyamine uptake assays were carried out using 2µM 14 C-labelled putrescine, spermidine or spermine. B) Polyamine uptake plots using corrected data subtracting polyamine uptake corresponding to nontransfected cells considering transfection efficiency, that was estimated by fluorescence microscopy of GFP protein overexpressed under the same transfection conditions. Data are shown as mean ±SEM of triplicate determinations. Fig. 6 . Influence of AZIN2 modifications on polyamine uptake by COS7 cells. A) Scheme of the AZIN2 constructions. The FLAG epitope was added to the N-terminus of AZIN2, and the streptavidine-binding peptide (SBP) or the green fluorescent protein (GFP) were fused to the Cterminus of AZIN2 by the appropriate subcloning of AZIN2 in tagged plasmids (see "Experimental procedures"). B) Cells were transfected with the wild type AZIN2 or the different constructs generated. The comparison of protein levels of AZIN1-FLAG and AZIN2-FLAG, measured by western blot using an anti-FLAG antibody, is shown above their respective columns. Loading controls were performed using anti Erk2 antibody (data not shown). Control cells were transfected with the empty vector. Polyamine uptake assays were carried out using 2 µM 14 C-labelled putrescine for 30 min. Data are shown as mean ±SEM of triplicate determinations. C; ∆ 162 C) and antizyme binding site deletion of AZIN2 (∆ 117-140 ) were obtained by PCR and subcloning into the pcDNA3 plasmid containing the FLAG epitope (see "Experimental procedures"). B) Cells were transfected with the wild type AZIN2 or the different constructs generated. Control cells were transfected with the empty vector. Polyamine uptake assays were carried out using 2 µM 14 C-labelled putrescine for 30 min. Data are shown as mean ±SEM of triplicate determinations. Protein levels of the different AZIN2 truncated forms were determined by western-blot using anti FLAG antibody. Loading controls were performed using anti Erk2 antibody (data not shown). RNA from testes, brain, kidney, heart and liver was isolated and analyzed by real time RT-PCR. Expression values of the genes were normalized with respect to β-actin, and corrected using the efficiency of amplification of each gene calculated using known standards. Data are shown as mean ±SEM of triplicate determinations. Table 1 . Kinetic parameters of polyamine uptake by COS7 cells. Polyamine uptake assays were carried out as described in "Experimental procedures", using 14 C-labelled putrescine, spermidine or spermine, in a range of concentrations from 0.1 µM to 20 µM. The apparent kinetic parameters Km and Vmax were determined by measuring the uptake rate of radioactive polyamines and LineweaverBurk analyses. Data are shown as mean ±SEM of triplicate determinations. 
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